The spikelet is a unique inflorescence structure in grass. The molecular mechanisms behind the development and evolution of the spikelet are far from clear. In this study, a dominant rice mutant, lateral florets 1 (lf1), was characterized. In the lf1 spikelet, lateral floral meristems were promoted unexpectedly and could generally blossom into relatively normal florets. LF1 encoded a class III homeodomain-leucine zipper (HD-ZIP III) protein, and the site of mutation in lf1 was located in a putative miRNA165/166 target sequence. Ectopic expression of both LF1 and the meristem maintenance gene OSH1 was detected in the axil of the sterile lemma primordia of the lf1 spikelet. Furthermore, the promoter of OSH1 could be bound directly by LF1 protein. Collectively, these results indicate that the mutation of LF1 induces ectopic expression of OSH1, which results in the initiation of lateral meristems to generate lateral florets in the axil of the sterile lemma. This study thus offers strong evidence in support of the "three-florets spikelet" hypothesis in rice.
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lateral floret | three-florets spikelet | evolution | yield | rice F lower development is a key process in the reproduction of angiosperms. Under suitable conditions, flowering signals are transmitted to shoot apical meristems (SAMs), which are transformed first into inflorescence meristems (IMs). Floral meristems (FMs) are then initiated on the top and/or lateral domains of the IMs and subsequently transformed into the four whorls of floral organs. The spikelet is a unique unit of inflorescence architecture in grasses and consists of a pair of glumes and a fixed or variable number of florets. Some grassspecific genes are involved in regulating spikelet development. For example, FRIZZY PANICLE (FZP) functions in regulating spikelet meristem (SM) identity in rice. In the fzp mutant, axillary meristems (AMs) are formed instead of FMs, and these then develop into higher-order branches (1) . Three genes that encode members of the AP2/ERF superfamily, SUPERNUMERARY BRACT (SNB), INDETERMINATE SPIKELET 1 (OsIDS1), and MULTI-FLORETS SPIKELET 1 (MFS1), are involved in regulating spikelet determinacy in rice (2, 3) . In these mutants, the transition from SM to FM is delayed, and extra organs or florets are produced. However, our knowledge about the details of spikelet development in rice remains limited.
In most members of Oryzeae, the spikelet is composed of one pair of rudimentary glumes, one pair of sterile lemmas, and one terminal fertile floret, which consists of one pair of hulls (lemma and palea) and inner floral organs (4) . Regarding the origin of the sterile lemmas, the "three-florets spikelet" hypothesis proposes that the putative ancestor of the rice spikelet contained two lateral florets in addition to a terminal fertile floret. Subsequently, the lemmas of the two lateral florets degenerated into sterile lemmas, and the inner floral organs and palea degenerated markedly and disappeared during evolution (5) . In recent years, several reports have supported this hypothesis. The genes LONG STERILE LEMMA (G1), EXTRA GLUME 1 (EG1), PANICLE PHYTOMER 2 (PAP2)/OsMADS34, NONSTOP GLUMES (NSG), and ABERRANT SPIKELET AND PANICLE 1 (ASP1) are involved in the regulation of sterile lemma identity. Loss of function of these genes results in lemma-like sterile lemmas (6) (7) (8) (9) (10) . In addition, ectopic expression of OsMADS1 causes lemma-like sterile lemmas (11) . All these results suggest that the sterile lemma is homologous to the lemma. However, there is no direct evidence that these lemma-like organs are derived from the lemmas of two lateral florets, because no lateral florets with inner floral organs have been observed in these mutants. Given the lack of further evidence, the three-florets spikelet hypothesis remains widely debated.
In this study, we characterized a gain-of-function mutant, lateral florets 1 (lf1), in which the lateral florets were surprisingly formed in the axil of the sterile lemmas. By map-based cloning, we isolated the LF1 gene, which encodes a homeodomainleucine zipper class III (HD-ZIP III) transcriptional activator. In lf1, LF1 was expressed ectopically because miRNA165/166 could not act on the mutated LF1 mRNA. LF1 then directly activated the expression of the meristem maintenance gene OSH1 to induce the initiation of lateral FMs. Interestingly, the results of the study provide strong evidence in support of the three-florets spikelet hypothesis in rice.
Results
The lf1 Spikelet Developed Lateral Florets. The WT rice spikelet consisted of one pair of rudimentary glumes, one pair of sterile lemmas, and one terminal fertile floret ( Fig. 1 A, 1) . The
Significance
In cereal crops, the number of florets in a spikelet is an important factor affecting the grain number per panicle and then the grain yield. In wild-type rice, one spikelet produces one fertile floret. This study characterized a gain-of-function mutant lateral florets 1 (lf1) in rice. In lf1, the spikelet developed lateral florets with proper floral organ identities in the axil of the sterile lemma, showing that the rice spikelet has the potential to restore the "three-florets spikelet" which may have existed in ancestors. Therefore, it provides strong evidence supporting the three-florets spikelet hypothesis and presents a prospect for increasing grain number per panicle by breeding rice with three-floret spikelets.
rudimentary glumes and sterile lemmas were inserted on the rachilla in an alternate phyllotaxy, whereas the terminal floret was produced on the top of the rachilla (Fig. 1 A, 1) . The terminal floret consisted of four whorls of floral organs: one pistil in whorl 4; six stamens in whorl 3; two lodicules at the lemma side in whorl 2, and a lemma and palea that surround the inner floral organs in whorl 1 (Fig. 1A and Fig. S1C ). The sterile lemmas were two small white glume-like organs with a smooth surface on the abaxial side ( Fig. 1 A, 2-4) . The two rudimentary glumes subtended below the sterile lemmas and were degenerate with abundant trichomes on the abaxial side ( Fig. 1 A, 2 and 3) .
In the lf1 spikelet, no significant abnormalities were detected in the terminal floret and rudimentary glumes (Fig. 1 B, 1 and 2 and C, 1 and 2 and Fig. S1 A, 1-3) . However, the lateral florets contained inner floral organs that grew obliquely in the axil of the upper and/or lower sterile lemma in an alternate phyllotaxy in the lf1 spikelet ( Fig. 1 B and C) . The statistical analysis showed that 78% of lf1 spikelets developed one lateral floret only in the axil of the upper sterile lemma, and 4% developed two lateral florets in the axils of both the upper and lower sterile lemmas (Fig. S1B ). In these lateral florets, all types of inner floral organs were discovered. The pistil with an ovary and bifid stigmas was same as that in the WT. The transparent and oval-shaped lodicules and the yellow stamens with anthers growing in the slender filaments were very similar to those in the WT, although their numbers were decreased in some lateral florets. The palea, which had three vascular bundles that consisted of the body of the palea (bop) and two marginal regions (mrps), was similar to those in the WT, even though some of them showed abnormal shapes ( Fig. S1 C and D) . Furthermore, known genes for floral organ identity were expressed at high levels in the WT terminal floret and lf1 lateral floret, whereas almost no expression was detected in the WT sterile lemma by qRT-PCR (Fig. S1E ).
These genes included the lemma and palea identity gene OsMADS1 (12), lodicule and stamen identity genes OsMADS4 and OsMADS16 (13, 14) , stamen and carpel identity genes OsMADS3 and OsMADS58 (15), pistil identity gene DROOPING LEAF (DL) (16) , and the ovule identity gene OsMADS13 (17) . Therefore, these results indicated that the identities of the floral organs were specified correctly in lf1 lateral florets, although defects in the shape and number of floral organs were observed in some lateral florets. They also suggested that the reversion to lateral florets occurred in the lf1 spikelet. Unfortunately, no sterile lemmas were transformed into lemmas, and in fact some even degenerated further in some spikelets ( Fig. 1 B and C) .
The lf1 Mutation Induced Lateral FMs During Early Spikelet
Development. In the WT, the primordia of the rudimentary glumes, sterile lemmas, lemma, and palea had formed or initiated in an alternate phyllotaxis during spikelet stage 4 (Sp4) ( Fig.  2A) . During stages Sp5-Sp8 the inner floral organs developed in the following order: two lodicules developed first, followed by six stamens and a pistil ( Fig. 2 B-D) . In lf1, no significant difference was observed during stage Sp4 compared with the WT (Fig. 2E) . However, during stage Sp5, when lodicule and stamen primordia were forming in the terminal floret, the lateral FM became visible as a protrusion at the axil of the sterile lemma primordia in lf1 (Fig. 2F) . During approximately stages Sp6/Sp7, when the pistil primordium was forming in the terminal florets, the formation of the palea primordium was completed in the lateral florets (Fig. 2G ). The initiation of the inner floral organ primordia, e.g., the stamen and pistil, was not finally finished in the lateral florets until stage Sp8, after the lemma and palea had closed in the terminal floret (Fig. 2H) . Therefore, the developmental stage of the lateral florets was delayed by approximately two spikelet stages compared with the terminal floret ( Fig. 2 ). This delay might be caused by the florets in the threeflorets spikelet developing in acropetal succession (18) . In addition, degradation of the lf1 sterile lemma was observed during stages Sp4-Sp8 (Fig. S2) .
To confirm the identity of the organs in lf1 lateral florets during the early developmental stages of the spikelet, the expression of OsMADS16 and DL was investigated by in situ hybridization. Expression of OsMADS16 was detected in the lodicule and stamen of terminal florets in both the WT and lf1 during stages Sp4-Sp8 ( Fig. S3 A and B) . High levels of expression were also detected in the lodicule and stamen of lf1 lateral florets during stages Sp5-Sp8 (Fig. S3 B, 2-4) . In the terminal florets of the WT and lf1, DL was expressed first in lemma primordia during stages Sp4-Sp6 (Fig. S3 C, 1 and D, 1) and then was expressed in pistil primordia during stages Sp7-Sp8 (Fig. S3 C, 2-4 and D, 2-4). Ectopic expression of DL was also detected in the lateral florets of lf1 during stages Sp6-Sp8 (Fig. S3  D, 2-4 ). In conclusion, the initiation of FMs and subsequent formation of the primordia of the floral organs in lateral florets occurred during the early developmental stages of spikelets in lf1.
Map-Based Cloning of the LF1 Gene. A map-based cloning strategy was used to isolate the LF1 gene. Genetic analysis of the F 2 progeny showed that the segregation ratio of mutant individuals and WT plants was a good fit to 3:1 (1,194 of 1,598 were mutant individuals; χ 2 = 0.053 < χ 2 0.05 = 3.84), which demonstrated that the lf1 trait was controlled by a single dominant gene. By using the 404 WT plants in the F 2 population, we narrowed the location of the LF1 gene to a 95.3-kb region between markers RM14281 and SNP-20 on the short arm of chromosome 3 in which there were 13 Michigan State University (MSU) Rice Genome Annotation Project-annotated genes (Fig. 3A) .
A single-nucleotide substitution from C to T (proline 192 to leucine 192) was found in annotated gene LOC_Os03g01890 in the lf1 mutant (Fig. 3A) . Further analysis showed that the mutation site was located in a putative target sequence for miRNA165/166 (Fig. 3B) . In general, miRNAs repress gene expression in plants by binding to complementary sites in their target mRNAs and then guiding mRNA cleavage (19) . Consequently, it was possible that the expression of WT LOC_Os03g01890 was repressed by miRNA165/166, whereas the mutated LOC_Os03g01890 could not be degraded. Next, the expression of LOC_Os03g01890 was shown by qRT-PCR to be higher in the lf1 mutant than in the WT in all stages of the young panicles (Fig. 3C ). In addition, we expressed the WT LOC_Os03g01890CDS-GFP and mutated LOC_Os03g01890CDS-GFP fusion genes under the control of the ubiquitin promoter in WT plants. In the transgenic plants overexpressing mutated LOC_Os03g01890, 53.3% of spikelets developed one lateral floret, and 2.2% developed two lateral florets, similar to the findings in lf1 (Fig. 3D and Fig. S4 A and B) . These results suggested that miRNA165/166 could not act on the mutated LOC_Os03g01890 mRNA, which then led to ectopic expression of LOC_Os03g0189 to induce lateral florets in both the lf1 mutant and the transgenic plants overexpressing mutated LOC_Os03g01890.
Although (Fig. S4A) , the spikelets displayed normal morphology (Fig. 3D) . This might be due to miRNA165/166 functioning normally to repress LOC_Os03g01890 in the appropriate tissues. Therefore, these results suggested that the dominant phenotype in lf1 was probably caused by the ectopic expression of LOC_Os03g01890 in corresponding tissues due to a mutation in the complementary site for miRNA165/166 rather than by the single amino acid change in the LOC_Os03g01890 protein.
In summary, LOC_Os03g01890 is the LF1 gene.
Expression Pattern of the LF1 Gene and miRNA165/166. By qRT-PCR analysis, LF1 was expressed generally in young panicles, with high levels in panicles <2 cm in size and low levels in those measuring 2-5 cm, and its expression was still detected in the sterile lemma and all floral organs during the heading stage (Fig. S4C) .
The expression pattern of LF1 in spikelets was investigated by in situ hybridization. In WT spikelets, LF1 was expressed strongly in the FM domain and stamen, lodicule, and pistil primordia, and weak signals were detected in the primordia of the sterile lemma, lemma, and palea during stages Sp3-Sp7, whereas no obvious signal was detected at the axil of the sterile lemma (Fig. 4 A, 1-3 ). During Sp8, after the primordia of the floral organs had entered the differentiation phase, strong transcript signals were found in the adaxial domain of all the lateral organs, including the sterile lemma, lemma/palea, lodicule, and stamen (Fig. 4 A, 4) . The expression pattern suggested that LF1 functioned both in the maintenance of the meristem of the terminal floret and the polarity development of organs in the WT spikelet. Likewise, although the expression of the LF1 signal was enhanced in the spikelets of transgenic plants overexpressing WT LF1, it was not expressed at the axil of the sterile lemma during stages Sp4-Sp8 (Fig. S5 A, 1-3 ). In the lf1 spikelet, the expression domain of LF1 was obviously expanded (Fig. 4B) . First, the expression of LF1 was detected in cells located between the sterile lemma and palea, which might be precursors of the lateral FM during stages Sp3-Sp4 (Fig. 4 B, 1 and 2) . Next, LF1 was expressed in the same domain where the FM or floral organs of the lateral floret were formed during stages Sp5-Sp8 (Fig.  4 B, 3 and 4) .
The expression pattern of miRNA165/166 was also investigated. In the WT spikelet, miRNA165/166 was expressed mainly in the precursor cells or primordia of organs, such as the sterile lemma, lemma/palea, lodicule, and stamen, during stages Sp3-Sp7, whereas no obvious signal was detected in the central domain of the FM (Fig. 4 C, 1-3) . During stage Sp8, the expression of miRNA165/166 was observed mainly in the abaxial sides of all organs in the spikelet except the pistil (Fig. 4 C, 4) . In the spikelets of transgenic plants overexpressing WT LF1, the expression pattern of miRNA165/166 was similar to that of WT during stages Sp4-Sp8 (Fig. S5 A, 4-6 ). In the lf1 spikelet, the expression pattern of miRNA165/166 was also similar to that of the WT (Fig. 4D) , except that obvious expression of miRNA165/ 166 was detected in the lateral FM domain at the axil of the sterile lemma (Fig. 4 D, 2-4) . Thus, the data indicated that expression of miRNA165/166 and LF1 is mutually exclusive in the WT spikelet but not in the lf1 mutant, which suggests that miRNA165/166 is responsible for the restriction of WT LF1 expression.
In particular, during stage Sp3, before the palea primordium was initiated, strong expression of miRNA165/166 was observed in the margin domain of the FM located next to the primordium of the upper sterile lemma in the spikelet of WT and lf1 (Fig. 4  C, 1 and D, 1 ). Therefore, it is possible that the precursor cells of the lateral FM in the WT were repressed due to degradation of the LF1 mRNA by miRNA165/166 in this domain at stage Sp3. The fact that no signal for miRNA165/166 was detected at the axil of the sterile lemma in the WT might be due to the absence of target cells here after stage Sp3 (Fig. 4 C, 2-4) , and the serial sections of the picture in Fig. 4 C, 2 further demonstrate that there was no expression of the miRNA165/166 signal (Fig. S5B) . However, it was expressed in the lf1 mutant due to the presence of target cells after stage Sp3 (Fig. 4 D, 2-4) . Taken together with all the above data, these results suggest that the accumulation of miRNA165/166 in the presumptive lateral FM region suppresses the expression of LF1 in the WT, whereas once a mutation had occurred in the miRNA165/166 target sequence of LF1, the latter was expressed ectopically to induce initiation of the lateral FM at the axil of the sterile lemma in lf1.
LF1 Encodes a HD-ZIP III Transcriptional Activator. LF1 was found to encode the rice HD-ZIP III transcription factor OsHB1 and shared high sequence similarity with other HD-ZIP III genes in monocots and dicots (Fig. S6) . The results of phylogenetic analysis revealed that the angiosperm HD-ZIP III genes formed three strongly supported clades, referred to as the "REV," "PHB/ PHV," and "CNA/HB8" clades, and that LF1/OsHB1 belonged to the REV clade (Fig. S7A) . Previous studies showed that this family of genes regulates embryo patterning, meristem function, vascular development, lateral organ polarity, and interfascicular fiber differentiation in angiosperms (20) (21) (22) (23) . In this study, we identified a function of LF1/OsHB1 that is associated with lateral FM fate in rice.
Next, constructs that encoded GFP and the GFP-LF1ORF fusion protein were expressed transiently in rice protoplasts. For GFP, green fluorescence was detected consistently throughout the cell, apart from in the vacuole, whereas the GFP-LF1ORF fusion protein was localized in the nucleus (Fig. S7B) . Further, a GAL4 DNA-binding domain and LF1 fusion protein (pGBKT7-LF1) was expressed in Y2HGold yeast cells. The yeast cells that contained pGBKT7-LF1 and the positive control yeast cells were able to grow in the absence of adenine, histidine, and tryptophan and showed X-α-Gal activity, whereas yeast cells that contained the negative controls did not (Fig. S7C) . These results suggested that LF1 is a transcriptional activator.
LF1 Regulates (Floral) Meristem-Related Genes to Initiate the Lateral FM. Previous studies have shown that REV (the ortholog of LF1 in rice) up-regulates the expression of STM (the ortholog of OSH1 in rice) in leaf axil meristem cells directly to ensure the initiation of axillary meristems in Arabidopsis (24) . In the present study, the expression level of OSH1 was increased significantly in the panicles of lf1 compared with the WT by qRT-PCR analysis (Fig. 5A) . Next, in situ hybridization was used to compare the expression pattern of OSH1 in WT and lf1. In the WT, OSH1 was expressed specifically in the FM and receptacle at a high level during stages Sp4-Sp6 (Fig. 5 B, 1 and 2) . After stage Sp7, when the carpel primordium formed, only a slight signal was detected in the rachilla (Fig. 5 B, 3) . In the terminal floret of lf1, the expression pattern of OSH1 was generally similar to that in the WT during stages Sp4-Sp8 (Fig. 5 B, 4-6 ). As expected, a strong expression signal for OSH1 was observed in the lf1 lateral FM during stages Sp5-Sp8 (Fig. 5 B, 5 and 6 ). Subsequently, ChIP assays were used to examine whether LF1 protein can bind directly to the OSH1 promoter. Chromatin isolated from young panicles of the mutated LF1-GFP (mLF1-GFP) transgenic and WT plants was immunoprecipitated with an anti-GFP antibody and an anti-LF1 antibody, respectively, and then was subjected to qRT-PCR analysis. The results showed that both mLF1-GFP and the WT LF1 protein cloud bound to four regions of the OSH1 promoter, which contained one to six conserved binding motifs (ATGAT) for the HD-ZIP III protein (Fig. 5 C-E) . These findings suggested that LF1 might regulate the OSH1 gene directly in both the lf1 and WT spikelet.
Analysis by qRT-PCR also showed that expression of the FM identity genes OsMADS6 and OsMADS15 was increased significantly in the panicles of lf1 compared with that in the WT (Fig.  S8A) . Next, the expression patterns of OsMADS6 and OsMADS15 were determined in detail by in situ hybridization. During stage Sp4, strong expression of OsMADS6 and OsMADS15 was detected in the terminal FM in both the WT and lf1 (Fig. S8 B, 1; C, 1; D, 1 ; and E, 1). From stages Sp5-Sp8, in the terminal florets of both the WT and lf1, OsMADS6 was expressed mainly in the mrp, lodicule, and carpel (Fig. S8 B, 2 and 3 and C, 2 and 3) , whereas OsMADS15 was expressed in all the floral organs (Fig. S8 D, 2 and  3 and E, 2 and 3) . Therefore, no differences in expression pattern were found between the WT and lf1 terminal florets. However, clear expression signals for OsMADS6 and OsMADS15 were detected in the lf1 lateral FM from stages Sp5-Sp8 (Fig. S8 C, 2 and 3 and E, 2 and 3). Thus, it is suspected that the FM identity genes OsMADS6 and OsMADS15 might also be involved in initiation of the lateral FM in lf1.
Discussion
Our data suggested that the miRNA165/166-LF1-OSH1 pathway plays a key role in regulating the induction of lateral florets. First, a single-nucleotide substitution in the complementary site for miRNA165/166 in the LF1 gene and the ectopic expression of the latter in the lateral FM was observed in lf1. The expression domains of miRNA165/166 and LF1 were mutually exclusive in the WT spikelet. These results fit well with the assumption that the LF1 mRNA was degraded by miRNA165/166 in the precursor cells of the lateral FM at the axil of the sterile lemma in the WT, whereas miRNA165/166 could not act on the mutated LF1 mRNA, resulting in its ectopic expression at the axil of the sterile lemma to induce the formation of lateral florets in lf1. Second, in transgenic plants overexpressing the mutated LF1 gene, the spikelet developed lateral florets, similarly to lf1, whereas the spikelet showed a normal morphology in the transgenic plants overexpressing WT LF1. This indicated that the gain-of-function phenotypes that were observed in the lf1 mutant were probably due to ectopic expression rather than to overexpression of LF1. In addition, the LF1 gene belongs to the REV clade of the HD-ZIP III gene family. Previous studies have shown that most HD-ZIP III genes share conserved complementary sites for miRNA165/166 and similar regulatory mechanisms (25) . In several gain-of-function mutants of HD-ZIP III genes, such as phb-d, phv-d, and rev in Arabidopsis and Rld1 in maize, the mutation sites were all located in the complementary site for miRNA165/166, and the gain of function was shown to be caused by the disruption of miRNA165/166 binding rather than by the amino acid substitution in the ligand-binding domain (20, 21, 26) . Furthermore, the function of miRNA165/166 in maintaining the correct expression domain of these HD-ZIP III genes is conserved between dicots and monocots. In the present study, OSH1 was expressed ectopically in the axil of the lf1 sterile lemma where LF1 was expressed ectopically, and its promoter could be bound directly by the LF1 protein, which suggested that OSH1 might be activated by LF1 to promote initiation of the lateral FM in the lf1 spikelet. Previous studies have demonstrated that REV is required for initiation of the lateral meristem by promoting the expression of the meristem maintenance gene STM in the axil in Arabidopsis (24) . Therefore, the miRNA165/ 166-LF1-OSH1 pathway in rice is similar to the miRNA165/166-REV-STM pathway in Arabidopsis. In WT rice, miRNA165/166 represses the expression of LF1 in the axil of the sterile lemma, which prevents the activation of OSH1 so that a single-floret WT spikelet is produced. In the lf1 mutant, the point mutation in the complementary site for miRNA165/166 resulted in the ectopic expression of LF1, which in turn induced the ectopic expression of OSH1 and finally resulted in initiation of the lateral FM.
From the findings of morphological studies, it has been hypothesized that a putative ancestor of the Oryzeae spikelet had three florets (two lateral and one terminal); the two lateral florets degenerated during the course of evolution, leaving only one fertile terminal floret (5) . This is referred to as the "early threeflorets spikelet" hypothesis. Previous studies have demonstrated that the sterile lemmas in extant Oryza species probably evolved from the lemmas in the two lateral florets. Mutation of G1, EG1, OsMADS34, NSG, or ASP1 or ectopic expression of OsMADS1 causes homeotic transformation of the sterile lemma into a lemma to various degrees (6-11), which suggests that sterile lemmas are homologous to lemmas and partly supports the above hypothesis. This paper reports the observation of lateral florets with normal floral organs in rice and other Oryzeae (Fig. 6) , which constitutes much stronger evidence in support of the three-florets spikelet hypothesis than the transformation of the sterile lemma into a lemma. It is notable that the sterile lemma was not restored to a lemma-like organ in the lf1 mutant, in contrast to mutants such as g1, eg1, and pap2. In contrast, the lf1 mutant developed inner floral organs in lateral florets, whereas those other mutants did not. This interesting finding has two implications. First, in the process of evolution from the three-florets to one-floret spikelet, the degradation of lemmas was controlled by the G1, EG1, and OsMADS34 genes, among others, whereas the degradation of other floral organs as a whole was controlled by the miRNA165/ 166-LF1-OSH1 pathway (Fig. 6) , although it is not clear which degradation occurred earlier in the evolutionary process. The other is that the lemma (or sterile lemma) is not a real floral organ but is a bract-like organ. In fact, the identities of the lemma and Fig. 6 . Model of hypothesized changes in spikelet architecture during Oryza evolution and putative function of LF1. During the evolutionary process the G1, EG1, OsMADS34, NSG, ASP1, and OsMADS1 genes determined the degeneration from the lemma to sterile lemma in lateral florets, whereas the miRNA165/166-LF1-OSH1 pathway controlled the degeneration of floral organs in lateral florets. Red arrows indicate positive regulation, the red "T" shape patterning indicates negative regulation, and green arrows show the two evolutionary lines of the WT spikelet. The blue arrows and "X" shape patterning suggest a possible method to breed a rice hybrid with a threeflorets spikelet by combining the lf1 mutant and other materials with a lemma-like sterile lemma.
palea have long been debated (4). In one opinion, their positions on the axis suggest distinct identities of the lemma and palea as a bract (formed on a spikelet axis) and a prophyll (formed on a floret axis), respectively (5, 27) . In the other opinion, the lemma and palea are perceived as modified outer tepals (sepals) (28, 29) . Our results obviously support the first point of view. Therefore, both the lemma and sterile lemma might be bract-like organs, with the real floret consisting of the palea and other inner floral organs that form in the axil of the lemma or sterile lemma.
Finally, the three-florets spikelet has potential value in rice breeding. Increasing the grain number per panicle is one of the key factors to increase yield. In rice, the grain number per panicle is correlated mainly with the first and secondary branches. Some previously reported genes, such as OsCKX2/Gn1a, Ghd7, DENSE AND ERECT PANICLE 1 (DEP1), DEP2, and OsSPL14/IPA1, which have been used to make major contributions to increasing yield, are all involved in regulating panicle branching in rice (30) (31) (32) (33) (34) . According to the present study, it should be possible to breed a three-florets spikelet in rice, for example by combining the lf1 mutant and other lemma-like sterile lemma mutants or transgenic plants (Fig. 6) , and this presents the prospect for increasing grain number per panicle.
Materials and Methods
The rice mutant lf1 was identified from an ethylmethane-sulfonate-treated population of Oryza sativa subsp. indica cultivar Jinhui 10. All plant materials were grown in experimental fields of the Rice Research Institute of Southwest University in Chongqing and Hainan, China. A map-based cloning strategy was used to isolate the LF1 gene. Expression of LF1 was investigated in different organs at different growth stages by real-time RT-PCR and in situ hybridization. See SI Materials and Methods and Table S1 for full details. The fold enrichment of the mLF1-GFP and WT LF1 target promoter regions pulled down by the anti-GFP antibody and anti-LF1antibody, respectively, was compared with the input sample, and an IgG antibody was included as a negative control. Three biological repeats with three technical repeats each were used to produce data for the statistical analysis. Experimental procedures for ChIP-qPCR were performed as described previously (35) . DNA fragments of the OSH1 promoter regions, which were positively enriched in ChIP-qPCR, were amplified using a SYBR Premix Ex Taq II Kit (TaKaRa).
